The heterogeneous expression of tumor-associated antigens limits the efficacy of chimeric antigen receptor (CAR)-redirected T cells (CAR-Ts) for the treatment of glioblastoma (GBM). We have found that chondroitin sulfate proteoglycan 4 (CSPG4) is highly expressed in 67% of the GBM specimens with limited heterogeneity. CSPG4 is also expressed on primary GBM-derived cells, grown in vitro as neurospheres (GBM-NS), which recapitulate the histopathology and molecular characteristics of primary GBM. CSPG4.CAR-Ts efficiently controlled the growth of GBM-NS in vitro and in vivo upon intracranial tumor inoculation. Moreover, CSPG4.CAR-Ts were also effective against GBM-NS with moderate to low expression of CSPG4. This effect was mediated by the in vivo up-regulation of CSPG4 on tumor cells, induced by tumor necrosis factor- (TNF) released by the microglia surrounding the tumor. Overall, the constitutive and TNF-inducible expression of CSPG4 in GBM may greatly reduce the risk of tumor cell escape observed when targeted antigens are heterogeneously expressed on tumor cells.
INTRODUCTION
Glioblastoma (GBM) is the most lethal primary brain cancer, with standard treatment based on surgery, radiotherapy, and chemotherapy promoting an overall survival of about 15 months (1, 2) . Immunotherapy may complement such treatments, and considerable optimism is presently given to T cells with redirected specificity via expression of chimeric antigen receptors (CAR-Ts). CARs are fusion proteins in which the binding moiety derived from a monoclonal antibody (mAb) is fused with a signaling molecule of the CD3/T cell receptor complex and costimulatory endodomains (3) . Upon insertion in T cells, CARs confer human lymphocyte antigen (HLA)-independent cytotoxic activity to T cells and promote T cell proliferation and survival (4) .
Crucial to the successful application of CAR-Ts in malignancies including GBM are the restricted expression pattern and the amount of expression of the targeted tumor-associated antigens (TAAs). In this regard, epidermal growth factor receptor variant III (EGFRvIII) is an attractive target antigen for GBM, because its expression is restricted to tumor cells (5) (6) (7) . In contrast, typical GBM-associated antigens for CAR targeting, such as interleukin-13 receptor subunit -2 (IL-13R2), HER2, and EphA2, are not only generally overexpressed by GBM tumor cells but also detectable in some normal tissues (8) (9) (10) (11) . Another common feature of the GBM-associated antigens so far targeted with CAR-Ts is the marked intratumoral heterogeneity of expression, which promotes tumor immune escape due to antigen loss (12) (13) (14) (15) . Finally, although they are frequently used to assess the efficacy of new therapies, established GBM cell lines do not mirror the heterogeneity of the histopathology and molecular characteristics of primary GBM (16, 17) .
To overcome these limitations, we have selected to target chondroitin sulfate proteoglycan 4 (CSPG4) in GBM and to use primary glioma-derived cells grown as neurospheres (GBM-NS) as a tumor model. CSPG4 is a cell surface type I transmembrane protein critical for tumor progression and metastasis (18) (19) (20) . CSPG4 is overexpressed, with limited intra-and intertumoral heterogeneity, by many types of solid tumors (21) (22) (23) (24) (25) . Notably, the CSPG4 protein is not or barely detectable in normal tissues (18, 22, 25) . We have now found that CSPG4 is expressed in considerable amounts not only in GBM specimens but also in GBM-NS, which are particularly relevant for assessing the efficacy of potential therapies because they recapitulate the molecular properties of the primary GBM when expanded in vitro or engrafted in immunodeficient mice (16, 17) .
RESULTS

CSPG4 is expressed in GBM specimens and characteristic of more aggressive tumors
The immunohistochemistry of a cohort of 46 GBM specimens showed that CSPG4 was highly expressed in 67% (31 of 46) of the cases and in lower amounts in 33% (15 of 46) of the samples. Among specimens with low expression, CSPG4 was undetectable in only one specimen (Table 1) . CSPG4 was expressed in GBM across different molecular subtypes (26) . Among GBM with high CSPG4 expression, 36% were assigned to the proliferative/classical subtype, 39% to the mesenchymal subtype, and 25% to the proneural subtype (table S1). The pattern of expression in GBM specimens with high amounts of CSPG4 was diffuse and intense in tumor cells located in the central mass of the tumor and in tumor-infiltrating cells (Fig. 1 , A to C). CSPG4 can be expressed by vessels during wound healing and by tumor-associated vessels (26) . We found that CSPG4 was coexpressed with -SMA (smooth muscle actin) in pericytes localized in the vessel wall of GBM ( Fig. 1D ) (27) . In contrast, vessels in normal brain are smaller than those in GBM and do not express CSPG4 ( fig. S1 ). Furthermore, CSPG4 expression in tumor cells was associated with that of nestin, a marker defining dedifferentiated and more aggressive GBM (Fig. 1E ) (28) . We obtained GBM specimens from patients treated with conventional treatment (neurosurgery, radiotherapy, and chemotherapy with temozolomide) (2) at a single institution and analyzed them by immunohistochemistry. We thus correlated the CSPG4 expression with patients' overall survival and found that individuals with a high percentage of tumor cells expressing CSPG4 had poorer overall survival (P = 0.002) (Fig. 1F) . Patients affected by GBM highly expressing CSPG4 had shorter median survival than those with GBM expressing low amounts of CSPG4 (6.5 months versus 16 months) [ratio, 2.462; 95% confidence interval (CI) of ratio, 1.922 to 3.001]. Twenty-three percent (7 of 30) of GBM with high expression of CSPG4 contained methylated O
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-methylguanine-DNA methyltransferase (MGMT) promoter compared to 26.7% (4 of 15) of GBM expressing low amounts of CSPG4 (Fisher's exact test, P = 0.7) ( Table 1) . In a multivariate analysis and a Cox proportional hazard regression model analysis considering MGMT methylation and age as variables, CSPG4 expression remained the only significant predictor of overall survival [P = 0.0003, exp(b), 0.27; 95% CI, 0.1331 to 0.5488]. 
GBM-NS express CSPG4
To establish GBM tumor models that recapitulate the main features of the originating GBM both in vitro and in vivo upon engraftment in immunodeficient mice (16), we established in vitro GBM-NS from primary tumors (Table 1 ). GBM-NS were then characterized for the expression of CSPG4 and other surface molecules currently targeted with CAR-Ts, such as HER2, IL-13R2, and EphA2 (10, 11, 29) . Seventy percent of GBM-NS had high CSPG4 expression (percentage of positive cells ranging from 71 to 99%) (CSPG4 H ), 17% had moderatehigh expression (percentage of positive cells ranging from 51 to 70%) (CSPG4 MH ), and 13% had moderate-low expression (percentage of positive cells, <50%) (CSPG4 ML ) ( Fig. 1G and Table 1 ). The expression of CSPG4 in GBM-NS was comparable to that of EphA2 but significantly higher than that of HER2 and IL-13R2 (P < 0.0001) (Fig. 1H ).
CSPG4.CAR-Ts target GBM-NS in vitro
To evaluate the susceptibility of GBM-NS to CSPG4-mediated targeting, T lymphocytes obtained from six healthy donors were transduced to express the CSPG4.CAR, encoding the 4-1BB (30) costimulatory endodomain, via gammaretroviral vector gene transfer. CSPG4.CAR was detectable in 75 ± 9.1% of CD3 + T cells using flow cytometry by day 7 of culture ( fig. S2A ), including both CD8 + and CD4 + T cells (69.9 ± 2.5% versus 25.8 ± 0.4%, respectively) ( fig. S2B ). We then tested the cytolytic activity of CSPG4.CAR-Ts against 19 GBM-NS in coculture experiments. CSPG4.CAR-Ts cocultured with GBM-NS at effector to target (E:T) ratios ranging from 1:5 to 2:5 efficiently eliminated both CSPG4 H and CSPG4 ML GBM-NS by day 3 of coculture (1.5 ± 4.8 and 1.8 ± 5.2 residual GBM-NS, respectively) (Fig. 2, A and  B) . In contrast, GBM-NS continued to grow in the presence of control T cells (cTs) (74.6 ± 20.8% residual GBM-NS) (Fig. 2, A and B) . Cr release assay. Data are means ± SD of T cells generated from two donors against a total of four GBM-NS (BT168-NS, BT308, BT462-NS, and BT275-NS).
CSPG4.CAR-Ts showed a T helper 1 (T H 1)-type cytokine profile in response to GBM-NS, as seen by the release of interferon- (IFN-) and IL-2 (Fig. 2, C and D) . CSPG4.CAR-Ts, but not cTs, proliferated in response to GBM-NS, as evaluated using a carboxyfluorescein diacetate succinimidyl ester (CFSE)-based dilution assay on day 7 of coculture (66 ± 7.4% versus 9 ± 1.5%, respectively; n = 23; P < 0.01) (Fig. 2 , E and F). In a standard 51 Cr release assay, CSPG4.CAR-Ts lysed GBM-NS (Fig. 2G ).
Tumor growth is effectively controlled by intracranial administration of CSPG4.CAR-Ts in GBM-NS xenograft models
In the first model, nude mice were implanted intracranially with GBM-NS CSPG4 H (96%, BT308-NS) modified to express green fluorescent protein (GFP)/firefly luciferase (FFluc). CSPG4.CAR-Ts and cTs were injected intratumorally 2 weeks later (Fig. 3A) , and tumor growth was monitored by in vivo imaging (Fig. 3 , B and C). Mice treated with cTs developed neurological signs of tumor growth and required euthanasia by day 60. In contrast, CSPG4.CAR-Ts effectively controlled tumor growth (Fig. 3 , B and C) and improved survival ( Fig. 3D ) (P < 0.0001), with 6 of 10 mice tumor-free up to day 180, whereas 4 of 10 mice developed neurological signs of tumor growth and required euthanasia. None of the mice inoculated with either cTs or CSPG4.CAR-Ts developed signs of graft-versusmouse disease. In the second model, nude mice were implanted intracranially with CSPG4 ML (49%, BT168-NS) modified to express GFP/FFluc. CSPG4.CAR-Ts and cTs were injected intratumorally 1 week later (Fig. 3E ). Mice treated with cTs developed neurological signs of tumor growth and required euthanasia by day 80. In this model, CSPG4.CAR-Ts also controlled tumor growth (Fig. 3 , F and G) and improved survival ( In parallel experiments using GFP/FFluc-labeled T cells (31), we observed that CSPG4.CAR-Ts persisted for 9 to 10 days upon intratumoral inoculation in mice, whereas cTs were almost undetectable by day 3 (Fig. 4 , A and B). We confirmed, by flow cytometry, the presence of CSPG4.CAR-Ts within the tumor 1 week after infusion (60 ± 5% of hCD45 + CD3
+ cells), whereas T cells were undetectable in mice receiving cTs (Fig. 4C) . Notably, in mice treated with CSPG4.CAR-Ts and developing tumors, immunofluorescence of the explanted tumors showed CSPG4 expression comparable to that of tumors explanted from mice treated with cTs (Fig. 4 , D and E). These tumors also coexpressed nestin, recapitulating the features of the parental GBM specimen (BT168) ( 
GBM-NS up-regulates PD-L1 upon exposure to IFN-
CSPG4.CAR-Ts encoding the 4-1BB endodomain were detectable for 8 to 10 days after intratumor inoculation, which is likely insufficient to consistently eliminate all tumor cells. We observed that CSPG4.CAR-Ts released different amounts of IFN- in response to GBM-NS in vitro, which was independent from the amount of CSPG4 expression. To explore this phenomenon, we analyzed expression of PD-L1 (programmed cell death ligand 1) in GBM-NS. As shown in fig. S9 , GBM-NS express low amounts of PD-L1, but PD-L1 is up-regulated upon exposure to IFN- in vitro. Notably, the expression of PD-L1 by GBM-NS inversely correlated with the amount of IFN- released by CSPG4. CAR-Ts in response to GBM-NS in vitro ( fig. S9 ), and PD-L1 blockade enhanced IFN- released by CSPG4.CAR-Ts in response to GBM-NS. PD-L1 up-regulation by GBM-NS was also observed in vivo in response to CSPG4.CAR-Ts ( fig. S9 ), suggesting that the PD-1/PD-L1 axis contributes to limiting the efficacy of CAR-Ts in GBM.
CSPG4 is up-regulated on GBM-NS upon engraftment in xenograft models
Because CSPG4.CAR-Ts promoted excellent antitumor activity in mice engrafted with CSPG4 ML GBM-NS, without evidence of immune escape of CSPG4-negative tumor cells, we investigated whether the expression of CSPG4 was up-regulated in vivo. Tumor cells from BT168-NS xenografts explanted 1 week after intracranial inoculation in untreated mice expressed more CSPG4 than the same BT168-NS cells cultured in vitro (99% versus 49%) (Fig. 5A ). In contrast, in vivo upregulation was not observed for other known CAR-T target antigens such as HER-2 and IL-13R2 ( fig. S10 ). To dissect the dynamic of CSPG4 expression, we sorted BT168-NS grown in vitro to obtain CSPG4 H (81.2 ± 3.2%) and CSPG4 L (1.4 ± 0.2%) cells (Fig. 5B) , respectively. When sorted cells were cultured in vitro for 3 weeks, we found that CSPG4 expression remained high in CSPG4 H cells and low in CSPG4 L cells (Fig. 5C ). Tumors removed by day 10 after inoculation from mice implanted with CSPG4 L cells showed CSPG4 up-regulation (63.5 ± 5%), whereas tumors derived from CSPG4 H cells maintained high CSPG4 expression (75.2 ± 2.2%) (Fig. 5D) . Notably, CSPG4
H and CSPG4 L cells showed similar growth kinetics when cultured in vitro (Fig. 5E ) and similar tumorigenicity in immunodeficient mice, causing death by day 75 upon cell inoculation (Fig. 5F ). These results argue against a selective advantage growth of CSPG4 H cells versus CSPG4 L cells in vivo.
TNF released from tumor-associated microglia induces CSPG4 expression in GBM-NS
Resident microglia and recruited inflammatory cells are critical components of the GBM microenvironment and contribute in inducing tumor cell proliferation and infiltration, at least in part via tumor necrosis factor- (TNF) and IL-6 (32). We observed that BT168-NS xenografts, removed 1 week after tumor implantation, were infiltrated by murine CD45 low CD11b high Ly6C + cells, which represented ~10% of the cellularity upon tumor dissociation (Fig. 6A) . When murine and human cells from engrafted BT168-NS were separated, we detected high murine TNF concentration in the murine fraction of the xenograft but relatively low murine IL-6 concentration (Fig. 6B ). BT168-NS cultured ex vivo in the presence of the murine fraction isolated from the xenograft showed CSPG4 up-regulation (from 49% to 68 ± 1.3%) (P < 0.01) (Fig. 6C) . Considering the high homology between murine and human TNF and previous evidence that human and murine TNF are cross-reactive (33), we hypothesized that the CSPG4 up-regulation in engrafted tumors was mediated by TNF released by murine microglia. We confirmed that human recombinant TNF (hTNF) up-regulated CSPG4 when added in vitro to either unselected 
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BT168-NS or selected BT168-NS CSPG4 L cells (from 49% to 71 ± 3% and from 1% to 36 ± 1%, respectively) (P < 0.01 and P < 0.005) (Fig. 6, C and D) . A similar pattern of CSPG4 expression was obtained in another CSPG4
ML GBM-NS (BT462-NS) upon incubation with hTNF (CSPG4 from 42.5 ± 0.2% to 72.1 ± 0.8%) (Fig. 6E) . We further characterized the hTNF-dependent CSPG4 up-regulation in GBM-NS by assessing nuclear factor B (NF-B) activation and found that hTNF up-regulated p65 phosphorylation in BT168-NS. In contrast, blocking TNF with infliximab prevented the expression of both NF-B p65 and CSPG4 (Fig. 6, F and G) . To evaluate whether CSPG4 up-regulation in GBM-NS in response to murine microglia is clinically relevant, we assessed the content of the microglia, identified as Iba1 + cells, in GBM specimens. We observed that GBM expressing higher amounts of CSPG4 showed more microglia content (P = 0.04) (Fig. 7 , A to C) and that the microglia express TNF (Fig. 7D) .
DISCUSSION
The high intra-and intertumoral heterogeneity of cell surface expression of most of the identified TAAs in GBM is a major obstacle for developing effective immunotherapy. Here, we demonstrate that CSPG4 is highly expressed in 67% of GBM specimens with limited intratumoral heterogeneity. Furthermore, CSPG4 expression is constitutive in a broad array of GBM-NS and induced by TNF released from the microglia surrounding the tumors. Because of its high constitutive and inducible expression, CSPG4 is effectively targeted by CSPG4.CAR-Ts that promote control of tumor growth in clinically relevant GBM xenograft models.
Because of their surface expression in GBM and not in normal brain parenchyma, IL-13R2, HER2, EGFRvIII, and EphA2 antigens are suitable targets for CAR-Ts (6, 7, 10, 29, 34) . CAR-Ts targeting IL-13R2, HER2, and EGFRvIII have been tested in clinical trials. Three patients with recurrent GBM received autologous T cells expressing a first-generation IL-13R2-specific CAR. Multiple doses of CAR-Ts delivered intratumorally via a reservoir implanted at the time of surgery were well tolerated and promoted transient anti-glioma responses (35). More recently, T cells expressing a second-generation IL-13R2-specific CAR encoding the 4-1BB endodomain were infused either intracavity or intraventricularly in seven patients. Sustained tumor regression was observed in one patient (36) . In another phase 1 study, autologous virus-specific T cells expressing a second-generation HER2-specific CAR (encoding the CD28 endodomain) were infused intravenously in 17 patients with recurrent GBM. Treatment was well tolerated, without on-target toxicity toward normal tissues, and promoted disease stabilization in seven patients (37) . Finally, 10 patients with recurrent GBM were safely infused intravenously with autologous EGFRvIII-specific CAR-Ts. Although T cells were detectable in regions of active GBM, no measurable antitumor activity was documented, and EGFRvIII antigen decrease was observed in five of seven evaluable patients (15) . These clinical data not only support the potential of achieving clinical benefits using CAR-Ts in GBM but also highlight that the heterogeneous intratumor expression of the targeted antigens remains a critical issue, because outgrowth of tumor cells with low expression of a targeted antigen was observed (38) . Tumor escape secondary to antigen loss was also reported in patients with GBM vaccinated to target the EGFRvIII antigen (14) .
Our results indicate that CSPG4 is an attractive target for immunotherapy in GBM. We found that CSPG4 is highly expressed in 67% of the GBMs analyzed, showing limited intratumoral heterogeneity, expression in tumor-associated vessels, and lack of expression in the normal brain parenchyma. CSPG4 overexpression in GBM correlates with a more aggressive clinical outcome, as reported for other types of CSPG4-expressing malignancies (39) (40) (41) . Finally, CSPG4 is also a particularly attractive target for immunotherapy because of its critical role in promoting tumor progression (42), causing chemo-and radiotherapy resistance (43), inducing angiogenesis (44, 45) , and, as reported here, being consistently expressed or induced in GBM-NS.
Because of their capacity to self-renew and differentiate into cell types present within the tumor of origin in immunodeficient mice, while simultaneously maintaining the molecular and histopathological characteristics of the parental tumors, GBM-NS are highly relevant tumor cells to study the efficacy of potential therapies in GBM (16, 17) . In addition, we and others have reported that patients with GBM that can generate GBM-NS with high replicative potentials in vitro have poorer clinical outcomes (17, 46) . IL-13R2 and HER2 can also be expressed by GBM-NS generated in vitro and by CD133 + cells selected from primary GBM tissues, respectively (10, 29, 47) . Our cohort of GBM-NS includes a panel of varied GBM-NS that reflect GBM with different molecular characteristics. Our data highlight the higher expression of CSPG4 in GBM-NS, as compared to IL-13R2 or HER2, and have confirmed the colocalization of CSPG4 and nestin in primary GBM samples. The latter is a recognized marker of aggressiveness in GBM.
Relevant to the use of targeted immunotherapy in GBM is our observation that CSPG4, but not IL-13R2 or HER2, expression is 
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up-regulated in vivo in response to TNF. The source of TNF is the surrounding tumor-associated microglia. Microglia are well known to shape the complex microenvironment of GBM (48) . The interactions between GBM and microglia enhance the invasion properties of GBM through the secretion of EGF and CSF-1 (colonystimulating factor 1), as demonstrated in the GL261 murine glioma model (49) . Microglia differ from monocytes/macrophages by having a lower expression of CD45 (50) and Ly6C (51) . In pathological conditions, microglia release large amount of TNF involved in sensitizing cancer cells to apoptosis (52) . Notably, CSPG4 protects tumor cells from TNF-induced apoptosis (43) , exerting many biological functions through the NF-B signaling pathway (52) . In addition, NF-B promotes the up-regulation of many proteoglycans in GBM (53). Our findings support this correlation because, by blocking TNF, we prevented NF-B activation and CSPG4 expression in GBM-NS. Resident microglia and recruited inflammatory cells are important components of the GBM microenvironment actively involved in promoting tumor expansion (54) . Our experimental observation of CSPG4 up-regulation in GBM-NS in response to murine microglia is corroborated by the clinical observation that the microglia, identified using the specific marker Iba1 (55) , are more abundant in GBM specimens with high expression of CSPG4 and coexpression of TNF. High constitutive and TNF-induced CSPG4 expression in GBM-NS contributes to the marked antitumor activity of CSPG4.CAR-Ts encoding the 4-1BB endodomain, which we have observed in our xenotransplant models. 4-1BB-mediated costimulation was superior to either CD28 or the combination of CD28 and 4-1BB costimulation, promoting better intratumor persistence of CSPG4.CAR-Ts, a feature consistent with the reported prolonged persistence of CD19-specific CAR-Ts encoding 4-1BB in patients with lymphoid malignancies (56, 57) . Sixty percent of mice treated with CSPG4.CAR-Ts remained tumor-free up to 180 days, and tumor recurrence was not due to antigen loss by tumor cells. Although 4-1BB costimulation provided better intratumor persistence for CSPG4.CAR-Ts than other costimulation, CSPG4.CAR-Ts were only detectable for 8 to 10 days after intratumor inoculation, which is likely insufficient to consistently eliminate all tumor cells. We observed that GBM-NS up-regulate PD-L1 in response to IFN- in vitro and in vivo when IFN- is released by CSPG4.CAR-Ts. This suggests that, even if our mouse model does not assess the potential immunosuppressive role of the GBM tumor microenvironment, the PD-1/PD-L1 axis may contribute to limiting the efficacy of CAR-Ts in GBM. This observation also indicates that although recent TCGA (The Cancer Genome Atlas) data show that IFN-related genes are expressed in low amounts in GBM compared to other tumors (58), upon encounter with T cells, releasing IFN- GBM can up-regulate PD-L1. Our observation in the mouse model is supported by recent clinical evidence showing expression of inhibitory molecules in GBM after the infusion of EGFRvIII-specific CAR-Ts (15) . We elected to use intratumor delivery of CAR-Ts to treat GBM because this approach has been safely used in patients (35, 36) , overcomes the interference of the blood-brain barrier to T cell trafficking, and mitigates potential "on-target offtumor" toxicities in the event that the antigen is expressed in low amounts in normal organs. However, the intratumor/ intracavity delivery of CAR-Ts does not recapitulate the spatiotemporal biodistribution of T cells, which usually reach tumors via vasculature, and can at least partially explain the short-term persistence of CAR-Ts in our and other GBM models (59). Nevertheless, for effective clinical application, the limited persistence of intratumorally inoculated CAR-Ts can be compensated by the administration of multiple doses of CAR-Ts (36, 60) or by developing implantable scaffolds or biomaterials that promote the gradual release of CAR-Ts and/or the local delivery of growth factors to sustain their survival.
In conclusion, the high constitutive and TNF-induced CSPG4 expression in GBM allows the application of CAR-Ts to a high proportion of patients and reduces the risk of tumor escape due to the heterogeneous antigen expression. A combination of CAR-Ts targeting multiple antigens likely remains a prerequisite for successful tumor eradication of GBM in all patients (61), but our data suggest that targeting CSPG4 as a single antigen is beneficial and that CSPG4 should be included in future combinations aimed at targeting multiple antigens in GBM.
MATERIALS AND METHODS
Study design
The aim of the study was to test the expression of CSPG4 in GBM and the activity of CAR-Ts targeting CSPG4 in GBM models. We first characterized a cohort of newly diagnosed GBM patients in one institution for CSPG4 expression by immunohistochemistry. All the analyzed samples were also molecularly characterized as part of the routine diagnostic workup. The sample size allowed us to Nuclei are visualized by DAPI staining.
demonstrate statistical significance. Our strategy was to use GBM-NS as GBM tumor models both in vitro and in vivo. All GBM-NS were generated in the same laboratory from GBM samples that were also analyzed for the expression of CSPG4 by immunohistochemistry. For the in vitro experiments, blood obtained from the blood bank was used to generate the CAR-Ts. We selected to use nude mice for the in vivo experiments because these mice allow the engraftment of human cells. We selected to use the intracranial injection of CAR-Ts after tumor implantation because this approach is clinically feasible. Tumor engraftment, eradication, and recurrence were followed by bioluminescence imaging. In all in vivo experiments, to ensure similar tumor sizes in all treatment groups, mice were randomized after imaging analysis, performed the day before CAR-T injection. To ensure statistical power, experimental groups were composed of 10 animals each. For each experiment, the number of mice, statistical analyses, and numbers of experimental replicates are described in the figure legends. Investigators were not blinded during follow-up of mice and evaluation of the in vivo experiments.
GBM specimens and cell lines GBM specimens were obtained from the Department of Neurosurgery at the Istituto Neurologico Carlo Besta and diagnosed according to World Health Organization criteria (62) . The protocol was approved by the local institutional review board, and all patients provided their informed consent. GBM-NS were derived from GBM specimens as previously described (17, 63) and cultured in standard medium containing B27 supplement (Thermo Fisher Scientific) and the mitogenic factors EGF and bFGF (basic fibroblast growth factor) (PeproTech) (17) . All GBM-NS were confirmed mycoplasma-free by the PromoKine PCR Test Kit. Murine microglia isolated from tumor xenografts were cultured in DMEM supplemented with 10% serum and replaced with GBM-NS medium 3 days before plating them in coculture experiments.
Generation of the CSPG4-specific CAR and transduction of T lymphocytes
The CSPG4.CAR was generated using the anti-CSPG4 mAb 763.74 (56) . The CAR cassette includes the CD8 hinge and transmembrane domains (30) . As costimulatory endodomains, we used CD28, 4-1BB, or the combination of CD28 and 4-1BB. As control, we used a CAR specific for the CD19 antigen (CD19.CAR). Transient retroviral supernatant was generated by cotransfection of 293T cells with the RD114 envelope (RDF plasmid), the MoMLV gag-pol (PegPam3-e plasmid), and the retroviral vector, as previously described (26) . For the generation of CAR-Ts, peripheral blood mononuclear cells (PBMCs) were isolated from peripheral blood of healthy donors (Gulf Coast Regional Blood Center) using Ficoll-Paque (Amersham Biosciences). PBMCs were activated with plate-bound CD3 (Miltenyi Biotec) and CD28 (BD Biosciences Pharmingen) mAbs, transduced with the retroviral supernatant by day 3 of culture, and then expanded in complete medium containing 45% RPMI 1640 (Hyclone) and 45% Click's medium (Irvine Scientific) supplemented with 10% fetal bovine serum (Hyclone), penicillin (100 IU/ml), streptomycin (100 mg/ml), and 2 mM GlutaMAX (Gibco). Cells were supplemented with IL-7 and IL-15 (PeproTech) twice a week for 2 weeks (64).
Coculture assay and cytotoxicity assay
For the coculture experiments, GBM-NS were plated at 5 × 10 5 cells per well in 24-well plates with CSPG4.CAR-Ts or cTs (either nontransduced T cells or T cells expressing the CD19.CAR) at E:T ratios of 1:5 or 2:5 in GBM-NS medium without serum and in the presence of B27 supplements. CSPG4.CAR-Ts or cTs were maintained in GBM-NS medium for 4 to 5 days before plating the cocultures. Coculture supernatants were collected after 24 hours to measure IFN- and IL-2 using specific enzyme-linked immunosorbent assay (ELISA) (R&D Systems). After 3 to 4 days of coculture, GBM-NS and T cells were collected, and residual tumor cells and T cells were measured by flow cytometry based on CSPG4 and CD3 expression, respectively. The cytotoxic activity of CSPG4.CAR-Ts and cTs was determined in a standard 51 Cr release assay using different E:T ratios (40:1, 20:1, 10:1, and 5:1) (25).
CFSE assay
CSPG4.CAR-Ts and cTs were labeled with 1.5 M CFSE (Invitrogen) and plated with GBM-NS at an E:T ratio of 1:5 or 2:5. CFSE dilution was measured by gating on CD3 + T cells using flow cytometry by day 7 of coculture. CSPG4.CAR-Ts alone were used as a negative control.
Flow cytometry CD3, CD4, CD8, CD45, and PD-L1 anti-human mAbs (BD Biosciences) were used to identify T cells, and the CSPG4 mAb (Miltenyi Biotec) was used to label GBM-NS. CD45, CD11b, and Ly6C anti-mouse mAbs (Miltenyi Biotec) were used to identify murine microglia in xenograft GBM models. CAR expression on the cell surface of T cells was detected using protein L-based staining (GenScrip) (65) . Acquisitions were performed using a Canto II flow cytometer or a MACSQuant (Miltenyi Biotec) flow cytometer, and data were analyzed using the FlowJo software (version 9.0) or FlowLogic software (version 7.2, Miltenyi Biotec). 6 GBM-NS in 2 l of phosphate-buffered saline (PBS). The coordinates, with respect to the bregma, were 0.7 mm post, 3 mm left lateral, 3.5 mm deep, and within the nucleus caudatum. Upon tumor engraftment, 2 × 10 6 CD19.CAR-Ts (cTs) or CSPG4.CAR-Ts were injected intratumorally in 5 l of PBS using the same tumor coordinates. For survival studies, mice were monitored three times a week and euthanized when signs of discomfort appeared in accordance with the institutional guidelines. Brains were collected and used to perform cell isolation on fresh samples or fixed in 4% paraformaldehyde for histological studies.
Xenograft mouse models
Measuring GBM-NS growth and CAR-T persistence in vivo
Tumor growth was measured by in vivo bioluminescence using the Xenogen-IVIS Imaging System. GBM-NS were transduced with a retroviral vector encoding the GFP/FFluc gene. CAR-T persistence was also measured by transducing them with an enhanced GFP/FFluc gene, permitting detection of less than 10 cells (30) . GFP expression by transduced cells was evaluated by flow cytometry, whereas expression of FFluc was detected using d-luciferin. For imaging purposes, mice were injected intraperitoneally with d-luciferin (150 mg/kg). Signal intensity was measured after drawing a region of interest over the brain region and expressed as total flux (photons per second).
Magnetic sorting and mouse cell depletion CSPG4
H and CSPG4 L BT168-NS cells were obtained by magnetic sorting using the Anti-PE MicroBead Kit (Miltenyi Biotec) according to the manufacturer's instructions. Briefly, dissociated BT168-NS were labeled with anti-NG2 Ab-phycoerythrin (PE) (Miltenyi Biotec) and were subsequently incubated with anti-PE microbeads. The purity of enriched cells was verified using anti-CSPG4 Ab-PE (Miltenyi Biotec) with the MACSQuant Analyzer. Xenograft tumors were explanted and dissociated using the human Tumor Dissociation Kit (Miltenyi Biotec) in combination with GentleMACS (Miltenyi Biotec). The cell suspension was labeled with Mouse Cell Depletion Cocktail (Miltenyi Biotec) and incubated for 15 min at 2° to 8°C. Magnetic sorting was performed using LS columns according to the manufacturer's instructions to separate human GBM-NS and tumor-infiltrating murine cells. Murine TNF and IL-6 cytokines secreted by the cells included in the positive fraction were measured using a mouse-specific ELISA assay (PeproTech).
Cell proliferation assay CSPG4
H and CSPG4 L BT168-NS cells were seeded at 5 × 10 3 cells per well in 96-well plates. Cell proliferation was measured at different time points using the cell proliferation reagent WST-1 (Roche Applied Science), according to the manufacturer's instructions. Six replicates per point were analyzed. The absorbance was determined at 450 nm.
IFN- stimulation and PD-L1 blocking
GBM-NS were seeded at 2 × 10 5 cells in six-well plates and incubated with or without hIFN- (0.5 ng/ml; PeproTech). After 24 hours, GBM-NS were manually dissociated and evaluated for the expression of PD-L1 (anti-human PD-L1 Ab, BD Biosciences) by flow cytometry. In other experiments, GBM-NS were plated at 2 × 10 5 cells per well in 24-well plates, cocultured with CSPG4.CAR-Ts or cTs at an E:T ratio of 1:5, and incubated with isotype control or PD-L1 Ab (10 g/ml, eBioscience). After 3 days of coculture, GBM-NS and T cells were collected, and residual GBM-NS and T cells were quantified by flow cytometry based on CSPG4 and CD3 expression, respectively. Coculture supernatants were collected after 24 hours to measure IFN- using specific ELISA (R&D Systems).
TNF stimulation and blocking GBM-NS were seeded at 2 × 10 5 cells in six-well plates and exposed to hTNF (0.5 ng/ml; PeproTech) for 24 hours. In specific experiments, TNF was blocked by adding infliximab (50 g/ml; Schering-Plough) (66) . GBM-NS were also cocultured in the presence of murine microglia isolated from glioma xenografts. After incubation with either soluble TNF or murine microglia, GBM-NS were collected and evaluated for CSPG4 expression by flow cytometry.
Western blot
Proteins from cell cultures were extracted in lysis buffer [50 nM trisHCl (pH 7.4), 150 mM NaCl, 1% NP-40, 0.25% sodium deoxycholate, 1 mM EDTA, 2× phenylmethylsulfonyl fluoride, leupeptin (10 g/ml), aprotinin (10 g/ml), 1 mM Na 3 VO 4 , 1 mM NaF], and protein concentrations were assessed using the Micro BCA Protein Assay Kit (Thermo Fisher Scientific). Samples were resolved on a 4 to 12% SDS-polyacrylamide gel electrophoresis gel and electroblotted onto nitrocellulose membranes. Nonspecific protein-binding sites on membranes were blocked by incubating the membranes for 3 hours in 7% bovine serum albumin (BSA) in TBS-T (tris-buffered saline with Tween 20) before incubating them with primary Abs overnight at 4°C. The following primary Abs were used: anti-NF-B p65 (1:1000 dilution, Cell Signaling Technology), anti-phospho-NF-B p65 (Ser 536 ) (1:1000 dilution, Cell Signaling Technology), and anti-vinculin (1:10,000 dilution, Santa Cruz Biotechnology). As secondary Abs, we used antimouse and anti-rabbit horseradish peroxidase (HRP)-conjugated mAbs (1:3000 dilution, Bethyl Laboratories). The reactions were developed using the enhanced chemiluminescence kit (ECL, Amersham, GE Healthcare).
Immunohistochemistry and immunofluorescence GBM specimens were sliced into 2-m-thick sections, deparaffinized in xylene, rehydrated through decreasing concentrations (100%, 95%, 90%, 80%, and 70%) of ethyl alcohol, and then rinsed in distilled water. Antigen retrieval was performed in 90°C solution of 0.001 M EDTA buffer (pH 8.0) for 20 min. Endogenous peroxidase activity was quenched with 3% hydrogen peroxide in distilled water. Slides were treated with 1% BSA (Santa Cruz Biotechnology) and 5% normal goat serum in PBS containing 0.05% Triton X-100 (Sigma-Aldrich) and incubated in a closed humid chamber with the anti-CSPG4 rabbit polyclonal Ab (1:200 dilution, Abcam) for 1 hour at room temperature. Staining was detected using the EnVision+ System-HRP-labeled polymer anti-rabbit Ab for 1 hour at room temperature and then the chromogen DAB/substrate reagent (Dako). Slides were counterstained with hematoxylin (Sigma-Aldrich), dehydrated, and mounted. The expression of CSPG4 was evaluated for intensity of reactivity. A double immunofluorescence staining with the anti-nestin (1:50 dilution, R&D Systems) or anti--SMA (1:50 dilution, Sigma-Aldrich) Ab and the same anti-CSPG4 Ab (1:50 dilution) was performed. The Alexa Fluor 488 goat anti-rabbit Ab (1:100 dilution, Thermo Fisher Scientific) was used for detecting CSPG4, and the Cy3-conjugated AffiniPure goat anti-mouse Ab (1:100 dilution, Jackson ImmunoResearch) was used to detect nestin or -SMA. Rabbit anti-Iba1 Ab (1:1000 dilution, Wako Chemicals) was used to detect human microglia in the tumor mass. A double immunofluorescence staining with anti-TNF (1:200 dilution, R&D Systems) and the same anti-Iba1 Ab (1:500 dilution) was performed. Cell nuclei were counterstained with DAPI (SigmaAldrich), and the slides were mounted with a PBS/glycerol solution. Quantitative analyses of CSPG4 and Iba1 expression were blindly performed by three independent investigators on three to five independent fields per tumor by counting the number of cells in the photographed fields using the 40× objective of a Leica DM-LB microscope.
Statistical analysis
In vitro data are presented as means ± SD, and a paired Student's t test (two-tailed) and ANOVA were used to determine the statistical significance of the difference. The in vivo data are presented as means ± SEM, and Kaplan-Meier curves were used to evaluate the significance of the difference between CAR-treated and control-treated groups.
SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/10/430/eaao2731/DC1 Fig. S1 . Normal brain vessels do not express CSPG4. Fig. S2 . CSPG4.CAR is expressed in T cells. Fig. S3 . CSPG4.CAR-Ts prolonged the survival of mice injected with BT275-NS and BT462-NS. Fig. S4 . CSPG4.CAR-Ts controlled tumor growth in the U87-MG xenograft model. Fig. S5 . CSPG4.CAR encoding either CD28 or CD28/4-1BB showed lower antitumor activity than CSPG4.CAR encoding 4-1BB. Fig. S6 . CSPG4.CAR encoding either CD28 or CD28/4-1BB costimulatory endodomains showed limited antitumor activity in vivo. Fig. S7 . CSPG4.CAR-Ts encoding either CD28 or CD28 and 4-1BB persisted for less than 5 days. Fig. S8 . GBM-NS-derived gliomas recurring in vivo retained CSPG4 expression. Fig. S9 . GBM-NS up-regulated PD-L1 in response to IFN-. Fig. S10 . HER-2 and IL-13R2 expression is not up-regulated in GBM-NS in xenograft models. Table S1 . GBM characterization based on CSPG4 expression and molecular subtypes.
